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Relativistically blurred reflection from the accretion disc provides a powerful probe of the extreme environments close to
supermassive black holes; the inner regions of the accretion flow and the corona that produces the intense X-ray continuum.
Techniques by which the geometry and extent of the corona can be measured through the observed X-ray spectrum
are reviewed along with the evolution in the structure of the corona that is seen to accompany variations in the X-ray
luminosity both on long and short timescales. Detailed analyses of the narrow line Seyfert 1 galaxies Markarian 335 and
1H 0707−495, over observations with XMM-Newton as well as Suzaku and NuSTAR spanning nearly a decade reveal that
increases in the X-ray luminosity coincide with an expansion of the corona to cover a larger area of the inner accretion
disc. Underlying this long timescale variability lie more complex patterns of behaviour on short timescales. Flares in the
X-ray emission during a low flux state of Mrk 335 observed in 2013 and 2014 are found to mark a reconfiguration of
the corona while there is evidence that the flares were caused by a vertical collimation and ejection of coronal material,
reminiscent of an aborted jet-launching event. Measurements of the corona and reflecting accretion disc are combined to
infer the conditions on the inner disc that lead to the flaring event.
c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction
Active galactic nuclei (AGN) are some of the most lumi-
nous objects seen in the Universe. Powered by the accretion
of matter onto a supermassive black hole, they are extremely
luminous sources of X-ray emission that is thought to orig-
inate from a ‘corona’ of energetic particles surrounding the
black hole and inner regions of the accretion flow.
The mechanism by which the corona is produced and
by which energy is injected into it remains a mystery. It
is possible that particles are accelerated by magnetic fields
anchored to the ionised accretion disc undergoing recon-
nection events (e.g. Galeev et al. 1979; Haardt & Maraschi
1991; Merloni & Fabian 2001) and that the intense X-
ray continuum is produced by the inverse-Compton scat-
tering of predominantly ultraviolet thermal seed photons
emitted from the accretion disc up to X-ray energies
(Sunyaev & Tru¨mper 1979). Understanding the characteris-
tics and formation of the corona is vital to the understanding
of how these incredibly luminous objects are powered.
The accretion flow is illuminated by the X-rays emit-
ted from the corona (George & Fabian 1991) and a char-
acteristic reflection spectrum is produced (Ross & Fabian
2005), shifted in energy and blurred by Doppler shifts (due
to the orbital motion of the reflecting material) and gravita-
tional redshift, shifting X-rays to lower energy the closer
to the black hole they were emitted (Fabian et al. 1989;
Laor 1991). Detailed analysis of the reflected X-rays en-
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ables measurements to be made of the extreme environment
around the black hole; the inner regions of the accretion flow
and the corona. The reflected X-rays are most easily mea-
sured in Seyfert galaxies with little absorption along the line
of sight to the nucleus (the ‘bare Seyferts’).
The X-ray emission from AGN displays extreme vari-
ability (Leighly 1999; Turner et al. 1999), in particular that
from the narrow line Seyfert 1 (NLS1) galaxies (Ponti et al.
2012). The observed X-ray count rate will often vary by fac-
tors of two or three on timescales of just hours and sources
will be seen to transition between states of high and low
flux. If changes in the properties of the corona can be mea-
sured between epochs of high and low flux, it will give im-
portant insight into the process by which the corona is pro-
duced and energised by the accretion process.
In this article, the techniques by which the geometry and
extent of the corona can be measured through analysis of
the relativistically blurred reflection from the accretion disc
are reviewed along with the evolution of coronæ through
periods of high and low flux that has been observed; both
the long-timescale transitions from low to high flux states
and short-lived flares seen during low flux states.
2 Measuring the geometry of the corona
2.1 The accretion disc emissivity profile
Where X-rays emitted from the corona illuminate the un-
derlying accretion disc, the pattern of illumination they
cast over the disc (the emissivity profile of the accre-
c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(a) Emissivity, point source
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Fig. 1 (a) and (b) Theoretical emissivity profiles for accretion discs illuminated by point sources and coronæ extended
radially over the surface of the disc. (c) The fraction of photons emitted from a point source at varying height that hit the
disc (to be reflected) and escape (to be observed as part of the continuum), illustrating the rising reflection fraction for
X-ray sources confined closer to the black hole.
tion disc) reveals the location and geometry of the corona
(Wilkins & Fabian 2012).
The accretion disc emissivity profile can be measured
directly, exploiting the variation in Doppler shift (due to
the orbital velocity) and gravitational redshift as a func-
tion of radius from the black hole. The reflection spectrum
is decomposed into the contributions from successive radii
in the disc and the contribution of each radius (hence the
variation in illumination of the disc; the emissivity pro-
file) is found through maximum likelihood fitting to the
observed spectrum in the energy band encompassing the
broadened iron Kα emission line. Through this technique,
Wilkins & Fabian (2011) find that the emissivity profile of
the disc in the NLS1 galaxy 1H 0707−495 approximately
takes the form of a twice broken power law, falling off
steeply with index > 7 over the inner regions of the disc,
then flattening to almost a constant between 5 ∼ 35 rg be-
fore falling off slightly steeper than r−3 over the outer part
of the disc.
Wilkins & Fabian (2012) present a systematic analysis
of the expected emissivity profiles for accretion discs illu-
minated by a range of point-like and extended coronæ, de-
rived from general relativistic ray tracing simulations. Pro-
files are shown in Fig. 1. In the case of an isotropic point
source above the black hole, the emissivity profile approx-
imately takes the form of a twice-broken power law (see
also Dauser et al. 2013; Miniutti et al. 2003). The emissivity
falls off steeply over the innermost part of the disc, as r−7
or steeper within 4 rg of the black hole. Rays are focused
towards the black hole and hence onto the inner disc, while
the coronal X-ray emission is strongly blueshifted into the
frame of the material on the innermost orbits due to time di-
lation close to the black hole (in commonly-adopted models
of relativistically broadened emission lines, the emissivity
profile is defined in the frame of the emitting material). The
profile then flattens until r ∼ h, whereafter the profile falls
off slightly steeper than r−3 over the outer disc.
In order to reproduce both the extreme steepening ob-
served over the inner disc and the break from the flattened
profile to r−3 at a few tens of gravitational radii from the
black hole, the corona must extend radially over the inner
part of the disc at a low height. In this case, the profile once
again takes the form of a twice broken power law, flattened
over the middle section and then breaking to r−3 over the
outer disc at a radius corresponding to the maximum radial
extent of the source. In this case, the emission of X-rays at
a low height over the central regions produces the extreme
steepening over the inner part of the accretion disc in ad-
dition to the extended flattened portion of the profile. The
emissivity profile of the accretion disc in 1H 0707−495 is
best explained by illumination of the disc by a corona ex-
tended radially over the disc to around 35 rg, but at a low
height from the surface of the disc. Similarly, the corona in
the NLS1 galaxy IRAS 13224−3809 was found to extend
to around 10 rg over the disc Fabian et al. (2013) .
2.2 The reflection fraction
As the corona becomes confined to a more compact region
around the black hole, a greater fraction of the emitted rays
are focused towards the black hole and hence onto the inner
regions of the accretion disc. Fewer rays are able to escape
to be observed directly in the continuum, increasing the re-
flection fraction (the ratio of the total reflected to directly
observed continuum flux) from unity, expected for the case
of an isotropic point source illuminating an accretion disc in
the absence of the black hole where 50 per cent of photons
emitted from the source will travel down to the disc while
50 per cent escape to be observed directly. (Fabian et al.
2011). Measurements of the reflection fraction from the X-
ray spectrum of AGN can therefore give a further indication
of the extent of the corona and its proximity to the black
hole.
The reflection fraction is not, naı¨evly, expected to drop
below unity. Half of the emitted continuum photons will hit
the disc while half will be able to escape to form the contin-
uum in the absence of gravitational light bending which en-
hances reflection. Beloborodov (1999), however, show that
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Fig. 2 The 0.5-5 keV X-ray light curve of the NS1 galaxy Mrk 335 measured with the Swift XRT, illustrating the extreme
variability exhibited by this source, including epochs of high and low flux as well as X-ray flares.
the upward beaming of emission from a corona moving at
a relativistic velocity away from the disc can reduce the re-
flection fraction below unity. Such low reflection fractions
suggest that the X-ray emitting corona is outflowing away
from the disc at a mildly relativistic velocity.
3 The evolving corona of Mrk 335
Markarian 335 (Mrk 335) is a particularly fascinating exam-
ple of a narrow line Seyfert 1 galaxy at redshift z = 0.026.
While early observations found a bright X-ray source in a
high flux state, commencement of monitoring of this source
with the Swift satellite in 2007 revealed a factor of 10 drop
in flux since the 2006 (and earlier) high flux observations
(Grupe et al. 2007). Mrk 335 has since been observed in in-
termediate (Gallo et al. 2013; Grupe et al. 2012) and further
low flux states (Gallo et al. 2015; Parker et al. 2014). This
extreme variability, illustrated in Fig. 2, makes Mrk 335 an
ideal target to study the changes AGN coronæ undergo that
lead to the extreme variability in their X-ray emission.
X-ray spectra of Mrk 335 are well-described by the rela-
tivistically blurred reflection of the coronal X-ray emission
from the accretion disc, from the early high-flux observa-
tions with XMM-Newton (Crummy et al. 2006), to the low
(Gallo et al. 2015; Grupe et al. 2008; Parker et al. 2014) and
intermediate flux (Gallo et al. 2013) observations. While the
spectrum is dominated by reflection from the accretion disc,
the presence of a warm outflowing absorber has been de-
tected during several of the epochs and has been attributed
to a wind from disc (Longinotti et al. 2013).
3.1 Long timescale variability
The emissivity profile of the accretion disc during epochs
of high, intermediate and low flux taken with XMM-Newton
in 2006 and 2009 and Suzaku in 2013, respectively was
measured following the procedure of Wilkins & Fabian
(2011) in order to understand the underlying changes in
the structure of the corona that gave rise to the extreme
variability seen in the X-ray emission from this object
Fig. 3 The emissivity profile of the accretion disc in
Mrk 335 during high, intermediate and low flux epochs as
well as during a flare observed during the low state in 2014,
measured by decomposing the relativistically blurred reflec-
tion from the disc into the contributions from successive
radii and fitting the relative contributions to the observed
spectra.
(Wilkins & Gallo 2015). The values of of the key model
parameters from which the properties of the corona are in-
ferred during each of the observations are shown in Table 1
and the emissivity profile of the accretion disc measured
during each epoch is shown in Fig. 3.
During each epoch, the emissivity profile is found to
take the approximate form of a twice-broken power law
falling off steeply over the inner part of the accretion disc,
with the power law index around 9 in each case, while tend-
ing to a constant power law slope, slightly steeper than r−3
over the outer parts of the disc following a flattened portion
of the profile over the middle part of the disc. The observed
forms of the emissivity profile suggest that during each of
these epochs, the X-ray continuum emission is arising from
a corona extended radially at a low height over the surface
of the disc.
www.an-journal.org c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 The best-fitting values of key model parameters describing the X-ray continuum emission and relativistically
blurred reflection from the accretion disc during epochs of high, intermediate and low flux of the NLS1 galaxy Mrk 335 as
well as over the course of a flare during the 2013 low flux observation. In addition to the the reflection from the disc, the
model includes absorption from outflowing ionised material and the unblurred reflection from distant material.
Component Parameter 2006 High 2009 Int. 2013 Low 2014 Flare
All Before During After Flare
F0.5−10keV / 10−12 erg cm s−1 41 7.9 3.8 3.6 6.6 3.5 11
Continuum Γ 2.523+0.011−0.010 1.90
+0.02
−0.02 1.91
+0.04
−0.07 1.77
+0.01
−0.01 1.94
+0.04
−0.04 1.81
+0.01
−0.01 2.43
+0.05
−0.09
Disc reflection rin / rg 1.235+0.003 1.24+0.14−0.05 1.25
+0.03
−0.02 1.26
+0.02
−0.02 1.25
+0.01
−0.01 1.81
+0.01
−0.01 1.235
+0.15
ξ / erg cm s−1 58+12−4 250
+30
−20 13
+7
−5 25
+27
−7 < 1.1 9
+12
−6 < 3.2
R 0.1−100 keV 1.3
+0.5
−0.2 1.8
+0.4
−0.3 6
+4
−3 9
+7
−6 1.8
+1.2
−1.5 14
+18
−12 0.41
+0.15
−0.15
Goodness of fit χ2/ν 1.04 1.00 1.04 1.06 1.01 1.06 1.04
Variation in the extent of the flattened section of the
emissivity profile suggests a variation in the radial extent of
the corona. The emissivity profiles suggest that the corona
is more extended during the high flux epochs than when the
flux is lower. Fitting the observed profile of iron Kα line
with a continuous, twice-broken power law emissivity pro-
file finds the best fitting outer break radius (i.e. the radial
extent of the corona over the surface of the disc) contracted
from 26+10
−7 rg during the high flux epoch to < 12 rg in the
intermediate flux state and < 5 rg during the low flux obser-
vation (at the 90 per cent confidence level). The contraction
of the corona from the high to low flux epochs is also seen
in the variation in the reflection fraction. As the corona con-
tracts from the extended structure over the surface of the
disc in 2006 to the confined region around the black hole in
2013, a greater fraction of the X-rays emitted are focused
towards the black hole and hence onto the inner regions of
the accretion disc, rather than being able to escape to be ob-
served as part of the continuum.
3.2 Coronal variability across AGN
Evidence has previously been found for the expansion of the
X-ray emitting corona as the X-ray count rate increases. Be-
tween early observations in 2002 and 2011, the X-ray flux
received from the NLS1 galaxy 1H 0707−495 remained at
a fairly consistent mean level, although frequently varying
around this by factors of two or three over timescales of just
hours. Wilkins et al. (2014) divided up more than 1.3 Ms
of observations of 1H 0707−495 made with XMM-Newton
into periods of high and low flux.
When the X-ray luminosity was greater, the corona was,
on average, found to extend over a larger portion of the inner
disc. The outer break radius in the emissivity profile from
the flattened middle section to the inverse-cube fall-off over
the outer disc was found to increase from 23+3
−3 rg during
the lowest flux intervals to 30+5
−3 during the highest. The
variation in the corona between the high, intermediate and
low flux epochs of Mrk 335 would appear to be a detection
of greater significance of the same process occurring on a
greater scale, manifesting a much greater change in X-ray
flux in the form of a ‘state change’ rather than the much
more frequent fluctuation in flux seen in 1H 0707-495.
The 2013 low flux epoch of Mrk 335 is in many ways
similar to the sudden drop in X-ray flux seen from 1H 0707-
495 in 2011. The X-ray flux from 1H 0707-495 was seen
to drop by more than an order of magnitude. The X-ray
emission was dominated by relativistically blurred reflec-
tion from the accretion disc with little or no contribution
from directly observed continuum emission and a steeply
falling emissivity profile. The steep emissivity profile and
extremely high reflection fraction are suggestive of the
corona having collapsed into a very confined region, within
just 2 rg of the black hole (Fabian et al. 2011).
Kara et al. (2013) find evidence for the expansion of the
corona through the reverberation time lag measured during
a high flux period of 2011 X-ray observations of the NLS1
galaxy IRAS 13224−3809. It was found that as the X-ray
count rate increased by a factor of 4 ∼ 5, the time lag be-
tween continuum-dominated and reflection-dominated en-
ergy bands had increased by a factor of around 3. X-ray
reverberation time lags are sensitive to the vertical location
or extent of the corona above the plane of the accretion disc
while being relatively insensitive to the radial extent of the
corona (Wilkins & Fabian 2013) as opposed to the accre-
tion disc emissivity profiles measured in 1H 0707−495 and
Mrk 335, hence there is evidence for the vertical expansion
of the corona as well as radial expansion over the surface of
the disc as AGN transition from epochs of low to high flux.
3.3 Flaring and reconfiguration of the corona
During the 2013 low flux state observation with Suzaku, a
flare was observed in the X-ray emission from Mrk 335 dur-
ing which the count rate doubled for approximately 100 ks
before returning to its pre-flare level. Wilkins & Gallo
(2015) conduct a detailed analysis of the X-ray spectrum
and the accretion disc emissivity profile during time periods
c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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Fig. 4 Comparison of the accretion disc emissivity profile
before and after a flare during the 2013 low flux observation
of Mrk 335.
before, during and after the flare while Gallo et al. (2015)
present a time-resolved analysis of the reflection spectrum
arising from the accretion disc. The variation in key spec-
tral parameters from which the evolution of the corona and
the cause of this flare can be studied in time periods before,
during and after the flare are shown in Table 1.
Fig. 4 compares the emissivity profile of the accretion
disc in Mrk 335 before and after flare. Most notably, the
emissivity profile before the flare shows flattening out to
5 rg which is not present after the flare. The flare marks a
reconfiguration of the corona from being slightly extended
over the surface of the accretion disc (but to no more than
5 rg, significantly less than in during the intermediate and
high flux epochs) to being much more compact, confined
within 2 rg of the black hole after the flare for no flattening
to be seen in the emissivity profile.
During the flare itself, fitting the emissivity profile of
the accretion disc as a once-broken power law and obtain-
ing the probability distribution of the outer slope in each
case suggests that from the time period before the flare to
that during and after, the emissivity profile is steepening
(Wilkins & Gallo 2015). The steeping emissivity profile and
dramatic drop in the reflection fraction during the flare al-
low the flare to be interpreted as the collimation of the X-ray
emitting corona into a vertically extended structure mov-
ing upward at a mildly relativistic velocity. This collimated
‘jet-like’ state of the corona, however, cannot be sustained
and the X-ray emitting corona collapses back down to a
much more confined region around the black hole as the
jet-launching is aborted.
Combining these measurements with the evolution of
properties of the accretion disc found through time-resolved
analysis of the X-ray reflection spectrum (Gallo et al. 2015),
it is possible to infer the conditions on the inner regions of
the accretion flow that gave rise to the flare. In particular, as
the flare declined, the ionisation parameter of the disc was
found to increase (i.e. the disc was becoming more ionised).
This gave rise to an approximately linear correlation be-
tween the X-ray flux in the 0.7-0.9 and 7-10 keV bands
while no correlation was seen before and during the rise of
the flare. During this time, the total flux in the reflected com-
ponent of the spectrum was found to be decreasing, suggest-
ing that while the disc was becoming more ionised, it was
receiving less ionising flux from the corona. In the absence
of other processes ionising the disc, the ionisation of the
disc was therefore being suppressed during the flare by an
increase in the disc density.
Such a situation has been suggested in general rela-
tivistic magneto-hydrodynamic simulations of magnetically
choked accretion flows (McKinney et al. 2012). Large-scale
poloidal magnetic fields are accreted inwards through the
ionised disc plasma, building up on the inner regions of the
disc. They cause the inner part of the disc to become com-
pressed and form a barrier, choking the mass accretion rate
(which may explain the low flux state). When a critical mag-
netic flux density has built up on the inner disc, the magnetic
field undergoes an inversion ejecting material from the in-
ner regions. This could be responsible for the ejection of the
collimated corona during the flare while the field responsi-
ble for compressing the inner part of the disc is lost allowing
the density to once again drop and the inner regions to re-
ionise.
Monitoring of Mrk 335 with the Swift satellite revealed
a much greater flare in 2014, lasting around 10 days. At
the peak, the 0.3-5 keV count rate measured with the Swift
XRT had increased from that in the low flux state by a fac-
tor of 10. A target of opportunity observation was triggered
with NuSTAR, catching the decline of the flare, although the
count rate was still at 60 per cent of its peak level. Simul-
taneous analysis of the X-ray spectra measured by the Swift
XRT and NuSTAR revealed that the reflection fraction had
dropped to the extremely low level of 0.41+0.15
−0.15. Decom-
posing the reflection spectrum into the contributions from
successive radii on the disc revealed a steeply falling emis-
sivity profile as was found during the 2013 low flux epoch
(shown in Fig. 3), with no evidence for flattening over the
middle part of the disc.
These observations can be reconciled if the 2014 flare
was caused by the same mechanism as that seen during
the 2013 low flux observation, but on a greater scale. The
corona becomes vertically collimated and is ejected at a rel-
ativistic velocity at the peak of the flare, beaming the con-
tinuum emission away from the disc. This leads to the low
reflection fraction that is observed. By the time the NuS-
TAR observation was made on the decline of the flare, the
base of the corona had collapsed down to a confined region
around the black hole, as was found after the 2013 flare. The
accretion disc was illuminated predominantly by this com-
pact corona that gives rise to the steeply falling emissivity
profile. The coronal material, however, was ejected at a suf-
ficient velocity during the flare that continuum emission is
still seen from the upper part of the outflowing structure.
www.an-journal.org c© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 5 The evolution of the corona, inferred from measurements of the accretion disc emissivity profile and reflection
fraction, over the course of flares seen during the low flux state of Mrk 335.
This emission is beamed upwards and does not contribute
significantly to the illumination of the disc. The proposed
scheme giving rise to the flares is shown in Fig. 5.
4 Conclusions
Where relativistically blurred reflection is detected from ac-
cretion discs in AGN, it provides a powerful probe of the
inner regions of the accretion flow and the geometry of the
X-ray emitting corona. Measurement of the emissivity pro-
file of the accretion discs in a number of Seyfert galaxies
reveals the corona to be extended over the inner regions of
the accretion disc to a few tens of gravitational radii while
extending to a low height vertically (just a few gravitational
radii) above the plane of the disc.
Changes in the accretion disc emissivity profile between
high and low flux states seen in single AGN, specifically in
the NLS1 galaxies Mrk 335 and 1H 0707−495, suggest that
the corona expands to a greater extent over the disc during
periods of high flux while collapsing to a confined region
around the black hole as the flux drops.
While the long timescale variability and the regular fluc-
tuations in X-ray flux appear to be due to the expansion and
contraction of the corona over the surface of the disc, tran-
sient flares seen during the present low flux state of Mrk 335
coincide with the vertical collimation and ejection of the
corona, suggestive of aborted jet-launching events. Flares
were found to mark the reconfiguration of the corona from
a slightly extended structure to a compact, collapsed struc-
ture close to the black hole as the outflowing, collimated
corona cannot be sustained.
Measurements of the changing geometry of the corona
that produces the intense X-ray continuum AGN through
high and low flux states allow observations to be compared
to the predictions of detailed theoretical simulations of ac-
cretion flows, coronæ and jet-launching. This provides im-
portant insight into how energy is released from black hole
accretion flows to produce the intense X-ray emission and
potentially the powerful jets that are observed.
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